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Introduction 
During recent years the interests of experimental spec-
troscopists have changed from the development of high res-
olution instruments to the development of light sources. 
One of the most promising types of light sources is the 
hollow cathode glow discharge tube. Discov.ered by F. Paschen 
in 1916, this type of tube has been modified and improved to 
provide important information regarding the hyperfine struc-
ture of atomic nuclei. It can be operated with either large 
or extremely small quantities of a material. This type of 
source can produce bright sharp lines and at the same time 
can be very economical in its use of the material under in-
vestigation. 
The design of the tube can be modified as was original-( 1) 
ly done b? H. Schuler to provide for cooling of the cath-
ode, thereby reducing the spreading due to the Doppler effect. 
The spreading due to the Stark effect is also reduced since 
the glow is located in a space having a very small electric-
al field. 
An exciting gas, pumped through the tube is used to de-
crease the rate of diffusion of the material under invest-
igation. This gas, after leaving the tube is pumped through 
a purifying system, and then circulated back through the tube. 
This type of light source, being capable of emitting 
fine lines, is well suited for use with the Littrow mount 
1. 
having large dispersion, for studies of hyperfine- and iso-
tope-structures, and for the precise measurement of v1avelengths. 
This investigation vias undertaken to develop, build, and 
study a light source of the hollow cathode discharge type, 
and the necessa~y auxiliary e~uipment such as the vacuum, 
circulating, purifying system, for use with the Littrow mount. 
The construction of an insulating housing around the 
entire Littrow mount was one of several steps taken to suit-
ably equip the spectrograph for this as well as for future 
in,vestigations. 
It is intended that this project be the first in a series 
of spectroscopic investigations using the equipment developed 
and studied here. With this in mind, detailed description is 
given of the methods of operating the vacuum system and the 
light source, and of lining up, and focusing the optical 
system with and without the etalon. Other suggestions are 
added with the hope that they will prove helpful to future 
experimenters. 
~. 
Historical Background 
The earliest form of hot hollow cathode discharge tube 
( 2) 
was developed by F. Paschen in 1916. His tube, shown in 
Figure 1, contains a box-shaped cathode made of sheet alum-
inurn, open at both ends, and suspended by a wire through 
which electrical contact was made. The anode consisted 
+ 
Figure 1. 
Paschen's Earliest Form of Hot Hollow Cathode Tube. 
of merely a wire, sealed through the glass ~a~l of the tube. 
The tube was closed at the end with a quartz window, evacuat-
ed, and filled to a pressure of two millimeters with helium. 
The power was supplied from a 1000 volt battery, currents 
31 
ranging from 0.05 to 0.1 ampere. Paschen, studying the lines 
of helium, observed that the lines were very sharp due mainly 
to t he small Stark effect. 
Naud~,( 3 ) in 1929, slightly modified Paschen's tube, and 
Campbell,( 4 ) in 1933, added still another change to the orig-
inal tube. The resulting tube, , shown in Figure 2, contains 
s 
Figure 2. 
Campbell's Tube. 
a cylindrical cathode, c, eight centimeters long, with an 
internal diameter of fifteen millimeters, and walls of one 
millimeter thickness. This cathode, made of graphite was 
held by an iron wire spring, B, supported by wire which was 
sealed into the pyrex tube at s. The anode at A is made of 
4 
iron or nickel wire sealed in at P . A quartz window at W is 
located far enough from the cathode to prevent its becoming 
covered by material sputtered from the cathode. The bulb 
was used with a vacuum circulating system, the gas entering 
and leaving at Q and R. 
This tube presented difficulty in interchanging samples 
on the cathode, and also in t he cathode's heating exces s i vely . 
This heating effect caused Doppler spreading of the lines, 
and a lso endangered cracking the pyrex bulb. 
H. Schuler and H. Gollnow,( 5 ) in 1935, designed a hollow 
cathode tube which provided for water cooling the cathode, 
and for reducing the loss of material under investigation. 
The tube is shown in Figure; 3. The cathode has six small 
t 
t · 
Figure 3. 
Schuler and Gollnow's Tube 
radial holes located just below its opening. The exciting 
gas is pumped in at the end of the tube near the window, 
flows through the tube, forms an umbrella, or barrier layer, 
over the opening of the cathode repelling the dispersing 
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Figure 4. 
Tube Developed by Tolansky 
t 
particles of the material being investigated. The gas then 
flows out through these small radial holes, through a ring 
connecting these holes, passes through a groove in the out-
side of the cathode, and then back to the circulating system. 
This tube has been used for investigations of pure metals and 
6. 
compounds such as oxides, chlorides, and iodides. 
More recently Tolansky(o) has developed a tube which 
provides for easily interchanging cathodes. As shown in 
Figure 4, this tube has the anode and cathode insulated from 
each other by a c1osely fitted pyrex tube at P. Inside this 
tube is a water cooled mount into which the cathodes can be 
screwed. Water enters and leaves at R and S. This part and 
the outer part connecting with the anode are connected with 
a wax joint at T. By removing the wax se·aled window at W 
easy access to the cathode is obtained. Tolansky found that 
the flow of gas through this tube also helped protect the 
window from becoming coated with the sputtered material from 
the cathode. 
I p l) 
Schul er and: Schmidt, in 1935 provided for more drastic 
cooling of both the cathode and anode by immersing a tube in 
liquid air as high as LL, shown in Figure 5. Thus the Doppler 
spreading was further reduced. This tube also provided a 
more convenient method of opening and resealing than had the 
previous tube of Schuler and Gollnow. However, the low temp-
eratures caused the insulation between B and c to become por-
ous. Thin paper saturated with apiezon grease was used as 
the insulation. By reducing the thickness of the paper, the 
seal served to hold a vacuum better, but increased the dangers 
of electrical breakdown. 
(8) 
Tolansky, in 1935 first developed a tube containing 
7 
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Figure 5. 
Tube of Schu~er and Schmidt 
a variable length cathode. In this tube the cathode is twenty-
five centimeters long and is fitted with a movable plug. The 
plug can be adjusted according to the amount of current drawn, 
increasing the effective length of cathode for higher currents, 
and decreasing it for lower currents. This arrangement elam-
inates the effect of anomalous cathode fall when studying 
the effects of varying current. This tube is shown in Fig-
ure 6. 
Paschen and Ritschl( 9 ) developed a discharge tube capable 
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Figure 6. 
Tuba Containing A Variable Length Cathode 
of carrying currents up to three amperes without excessive 
broadening. The high currents made it possible to obtain 
the weak high series members of the spark spectrum of aluminum. 
The tube makes use of a long hollow cathode, open at both ends, 
and two cylindrical anodes, one located opposite each end of 
the cathode, as shown in Figure ?. Electrons can thus leave 
at both ends, reducing the electrical field. The tube is well 
suited for investigations of lines involving higher terms, 
9, 1 
although not suited ror lines having reversal errects. 
Special purpose tubes have also been developed, such 
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Paschen and Ritschl's Tube for High Currents 
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w 
as those containing slit hollow cathodes ror investigating 
high melting point metals which can be obtained in sheet 
rorm, and hollow cathodes for the study of Zeeman efrect. 
Various hollow cathode tubes have been described here to 
serve as historical background. 
The Littrow mount has been used by several workers at 
688 Boylston Street. When new quarters were obtained at 
Commonwealth Avenue for the Physics Department the Littrow 
mount was disassembled and moved to its present location. 
/0 
The Discharge ·Tubes Used 
A. The First Design of Discharge Tube. 
The tubes used as light sources in this research are 
modifications of the design originally used by H. Schuler 
( 1) 
and H. Gollnow. Their original tube was more bulky and 
complicated than necessary. Hollow cathode tubes have been 
simplified, and modified for special applications, consider-
ably since their first tube. The designs of the tubes used 
here (shown in Figures 8-A and 8-B) are such as to make for 
comparative ease in construction and assembly. 
The first of these tubes (shown in Figure 8-A) is sim-
ilar to that used by M. Gure-vitch in 1949. ( 28) This tube 
contains a specially designed hollow cathode(ahown in Figure 
9). On the inner walls of the "hollow" is deposited a small 
amount of the material to be investigated. When the tube is 
in operation, light, emanating from the hollow cathode glow, 
passes up through the tube, through the opening in the circu~ 
lar anode, and out through the glass cover at the top end of 
the tube. 
The material being investigated is conserved to a large 
extent by means of a barrier of inert gas formed at the 
opening to the hollow cathode. Inert gas, or air, at a pres-
sure of from 0.1 to 2 millimeters of mercury, is circulated 
through the tube and the vacuum system by means of a mercury 
diffusion pump. The gas is forced into the tube at its upper 
The First 
Hollow Cathode Discharge Tube 
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end, and passes downward inside the tube until it reaches 
the cathode. 
The aluminum cathode has twelve small radial holes, 
1/32 inch in diameter, located 1/8 inch below the opening of 
the hollow. The gas, upon reaching the hollow, travels out-
ward through these small holes and passes down the outside 
of the cathode, to the bottom of the tube, and back to the 
circulating system. The gas, by streaming toward the cathode, 
and then out through the radial holes, forms a barrier, or 
"umbrella" over the opening to the cathode, driving back the 
vaporized particles of the element, and tending to prevent 
their dispersion and subsequent loss into the rest of the 
tube. In some tube designs almost all of the element can be 
reclaimed since most of that which does become dispersed is 
collected on the anode, and can be scraped off. The cath-
ode is provided with hooks to make possible its easy removal 
without disturbing or dismounting the lower part of the tube. 
The anode (shown in Figure 10) is so designed that it 
can be moved up and down to vary the spacing between cath-
ode and anode. It is provided with spring clips, placed in 
grooves in the anode, and pressing against the inner wall of 
the glass part of the tube. This arrangement permits adjust-
ment of the spacing between anode and cathode, and also allows 
for changes in the radial dimensions of the anode and the 
glass part of the tube as the temperature rises within the 
tube. 
i.J. I I ' 
I 
The hollow cathode tube can be separated into two parts, 
.. the upper made of glass tubing, and the lower made of copper 
tubing. The two parts are sealed together by a ring of bees-
wax and rosin. When the tube is being cooled at the cathode, 
heat is conducted away from the copper tubing walls, cooling 
the sealing wax, which becomes brittle and loses its sealing 
properties . If, on the other hand, the cathode is not suffi-
ciently cooled when the tube is operating, so that the copper 
tubing becomes warm, the ring of wax will soften, and the 
vacuum will be lost. Hence a water jacket was built around 
the wall of the copper tubing, just below the seal. The 
temperature of the water circulating through this jacket is 
regulated so as to protect the seal from the effects of too 
high or too low temperatures. The outer copper tubing ex-
tending from the cathode to the location of the sealing ce-
ment has been made long to decrease the amount of cooling or 
heating at the seal. 
Sufficient cooling for operating the tube was obtained 
by immersing the lower part of the tube in a bath of ice and 
water. More drastic cooling may be obtained by using a bath 
of dry ice and acetone. 
The glass cover plate, or "window", located at the top 
end of the tube is sealed on with beeswax and rosin, (one to 
one ratio), which permits its easy removal. 
I r' J, 
B. The New Design of Discharge Tube. 
The glass part of the tube just described suffered a 
fracture due to internal stresses in the vicinity of the 
ring seal. As 1ong as the crack was small it was possible to 
maintain a vacuum by sealing it with cohesive rubber tape, 
and with beeswax and rosin. The crack eventually increased 
beyond repair and a vacuum could no longer be held. new 
tube was then developed which did not require a ring seal. 
This tube is shown in Figure 8-B. The inverted cup-
shaped glass section previously used for supporting the glass 
part of the tube and for sealing the tube was omitted. The 
r ing, or "crow's nest" of beeswax and rosin, as well as the 
cooling chamber beneath the ring were also omitted. Onto the 
upper end of the copper part of the tube was built a conically 
shaped section of copper about an inch and a half long. This 
was made to t aper in at the upper end so as to come into con-
tact with the glas s part of the discharge tube. Three small 
glass beads, or knobs, were welded onto the glass part of the 
tube. These knobs were located such that they just rest on 
the upper edge of the conical copper section, when the tube 
is assembled. The upper glass part was thus supported on the 
lower copper part of the tube by means of these small glass 
beads. 
The glass and copper parts were sealed together by 
wrapping with cohesive rubber tape. After the outer conical 
copper section had been fitted closely to the glass tubing, 
(to. 
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a thin metal shim was carefully fitted over the connection 
between the glass and the metal • . This prevented exposure of 
the rubber surface to the vacuum, and prevented intrusion of 
the rubber into the tube due to atmospheric pressure. This 
method is similar to that commonly used for sealing "but"-
joints in metal-to-metal, metal-to-glass, and glass-to-glass 
connections. After the connection had been wrapped with the 
cohesive rubber tape it was covered with beeswax and rosin to 
further insure a vacuum tight joint • 
. An attempt was made to eliminate the glass beads and to 
rely on the tape alone for support. This was not successful, 
however, since a telescoping effect occurred as the system 
was evacuated, the glass part being forced by atmospheric 
pressure down into the metal part of the discharge tube. The 
amount of this drawing together, and hence the spacing between 
the .anode and the c r, thode, was unpredictable. 
Insulating mica spacers were made to fit between the 
anode and the cathode. It was intended that these mica spacers 
would insure against the tube's becoming short circuited, 
since the rubber tape alone could not be depended upon for 
support. However, when the discharge tube was in operation 
the metal which became vaporized from the hollow cathode 
plated onto the mica spacers forming a conducting layer which 
short circuited the electrodes. For this reason the insulating 
mica spacers were omitted, and the glass beads were welded in 
place to support the upper glass part of the tube. 
/8. 
In order to be certa in that the anode, which previously 
had been mounted inside the glass tubing by spring clips, 
could not slip and come into contact with the cathode a new 
method of supporting the anode was used. The bottom edge of 
the glass tubing near the anode was heated to the softening 
point, and crimped in under the anode at three or four equally 
spaced points around the circumference of the glass tube. 
This provided a support for the anode which was not adjustable, 
but which prevented any possibility of the anode's slipping. 
· The spring clips were still used with the anode, for the pur-
pose of centering the anode within the glass tube. A thin 
layer of mica, about a quarter of an inch wide, was wrapped 
around the anode and its spring clips, to provide insulation 
between the clips and the glass tubing. Previously the lower 
end of the glass tubing had cracked due to overheating while 
the tube was in operation. The points of contact between the 
spring clips and the glass tubing were the centers of stress, 
which hastened the cracking of the lower end of the previous 
tube. The mica was placed between the spring clips and the 
glass to minimize the localizing of stresses within the glass. 
The upper end of the metal part of the tube was made 
conical in shape rather than cylindrical, so that the actual 
surface of contact between the glass and the metal would be 
very narrow in width. Before trying the conically shaped 
section, or collar, a cylindrical top section was built onto 
the metal part of the tube. This was carefully fitted to the 
-------
19. 
I 
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glass part of the tube. 
However, due to the variations in diameter of both the 
glass tubing and the cylindrical collar, binding occurred 
at several places as the tube was assembled. It was feared 
that this binding between the comparatively large surfaces 
of contact would eventually cause considerable difficulty 
when assembling and disassembling the discharge tube. The 
glass part of one tube was broken in the process of assembling 
with the cylindrical type of collar. ·a th the conical type 
of collar, however, the binding due to large and irregular 
surfaces of glass and metal in contact was eliminated, and 
this hazard was overcome. 
There still remained the problems of adjusting the 
spacing between electrodes, and of centrally lining up the 
electrodes. Since the location of the anode was no longer 
adjustable in the vertical direction, the adjustment of the 
space between the electrodes had to be done by raising and 
lowering the cathode. When constructing the discharge tube 
extra space was left between the anode and the cathode. 
The cathode was then raised, reducing the space between elec-
trodes, any desired amount by placing thin metal shims, or 
spacers, of various thicknesses under the cathode. The 
under side of the cathode was provided with grooves, and 
the spacers had holes drilled through their centers to allow 
circulation through the discharge tube. 
In order to centrally line up the anode, the upper edge 
/:.0 
I 
of the conical copper sleeve was carefully filed as required 
at the locations of the glass beads. The support under one 
or the other of the glass beads was thus lowered slightly, 
and the angle of inclination of the glass part of the tube 
was adjusted as desired. This in turn adjusted the position 
of the anode, in a horizontal direction, since the anode is 
supported by the lower end of the glass part of the tube. 
Once the anode had been lined up the relative position 
of the cathode was determined by viewing down into the tube. 
The cathode's position was next adjusted until it was located 
centrally with respect to the anode. 
After the discharge tube has been sea led, e.nd the system 
evacuated, the cathode may not be quite centrally located 
with respect to the anode. In this case it is still possible 
to adjust the position of the cathode without opening up the 
discharge tube. By gently tapping on one side or the other 
of the outside of the copper part of the tube, near the base 
of the cathode, the cathode can be made to "walk" or move 
about in any desired direction inside the discharge tube. 
The final centering of the cathode with respect to the anode 
was thus made without the necessity of opening and resealing 
the discharge tube. 
Sufficient cooling of this tube to protect the seal was 
obtained by immersing the lower part of the tube in a bath of 
ice and water. 
. J 
When future cold cathodes are made it is suggested that 
they be fitted tightly into the copper part of the tube to 
improve the dissipation of heat. It is suggested also that 
future hot cathodes have a section 
removed as shown in the figure at 
the right . This would leave a small 
diameter stem supporting the cath-
ode on its base. The amount of 
heat conducted away from the hollow 
cathode by the metal would thereby 
be reduced. It seems advisable also 
to eliminate the small radial holes Figure 9-B. 
near the upper edge of the hot hollow cathode because there 
is ample space for circulation between the electrodes. 
The metal parts of the tube, except for the changes 
previously described, were kept the same as for the first 
design of the tube. This makes it possible to have a versatile 
discharge tube since it can be used with either a cold hollow 
cathode when fine lines are desired, or a hot hollow cathode 
when intense lines are desired. 
The Discharge 
The discharge in a hollow cathode tube can be made to 
concentrate within the hollow of the cathode, under proper 
conditions of voltage and gas pressure. The voltage re-
quired to maintain the discharge is in the order of 300 to 
500 volts. The cathode is a hollow metallic cylinder which 
may be openat one or both ends. The shape of the anode, 
however, is unimportant provided that it does not block off 
the light emitted from the tube. For a simple discharge tube 
such as that shown in Figure 11, a discharge of the Geissler 
+ 
Figure 11. 
Simple Discharge Tube 
type can be obtained when the pressure is reduced to the 
order of one centimeter. A glowing positive column exists 
outside the hollow, between the anode and the cathode. As 
the pressure is further reduced a point is reached where the 
- - ----- ---- --
glow suddenly moves indide the hollow of the cathode and 
becomes very brilliant. The gas pre,ssure for t ,his is in the 
order of two to five millimeters and depends on the inside 
diameter of the hollow cathode. 
By further reducing the gas pressure the discharge will 
glow more brilliantly at first, and then diminish until 
quite dim. At a critical value of pressure the discharge will 
cease to glow. This suddenly occurs at pressures in the order 
of 0.1 or 0.2 millimeter of mercury, or less. At this change-
over pressure the resistance of the tube increases and the 
current decreases to a small value. There remains a feeble 
positive column glow located in the space between the cathode 
and the anode. 
(10) 
It has been shown by Gunther-Schulze that for a given 
current density on the cathode, the cathode potential fall for 
a hollow cathode is much less than for a plane cathode. 
This is due to the smaller loss of ions. The glow inside the 
hollow does not present a uniform appearance. As shown in 
Figure 12, there is a bright ring at (a) the cathode glow, a 
dark space at (b) the Crookes' dark space, and a bright central 
core at (c) the negative glow. The distribution of intensity 
in the negative glow of a hollow cathode is reversed from 
that of a plane cathode. The negative glow is most brilliant 
near the central a~is of the hollow cathode. However, for a 
plane cathode the negative glow is brightest near the metal 
electrode. 
Both the arc and spark spectra of the gases in the hollow 
appear within the negative glow in general. The gradient of 
the electric field in the negative glow has been measured by 
Figure 12. 
Hollow Cathode Glow 
(11) 
Schuler who found it to be less than that of the positive 
column of a glow discharge. Hence there is almost no broaden-
ing of lines due to the Stark effect, under normal conditions. 
The current density within the cathode remains constant, 
below a c~itical value of current. For small currents, a 
small area of the cathode wall is covered with glow. For 
larger currents proportionally larger areas are covered. The 
current density thus remains constant until the inside walls 
are completely covered with glow. If the current is increas-
~ I, 
/ V f 
ed beyond the point where the entire inside wall is covered 
with glow, the current density increases and an anomalous oath-
ode ~all sets in. This increases with ~urther increase in 
current. Under these conditions o~ anomalous cathode ~all 
(12) 
Stark broadening does occur. Tolansky states that when 
the current density exceeds thirty milliamperes per square 
aentimeter o~ inside well in helium gas the potential ~all 
becomes anomalous. 
In the hollow cathode tube positive ions directed toward 
the cathode strike the cathode wall, or the material on the 
wall, and by a sputtering action eject metallic particles 
into the hollow. There is thus formed a vapor cloud o~ metal-
lic particles which have .been ejected into a region o~ intense 
discharge. These particles meet a concentrated flux o~ ions, 
and then are excited into spectral emission. It is generally 
agreed that the metallic particles are excited by collisions 
of the second kind. I~ the cathode is cooled the vapor press-
ure diminishes, but the sputtering action due to the positive 
ion bombardment still produces su~ficient vaporization to ob-
tain an intense spectrum. 
There are differences of opinion as to the actual mech-
anism of excitation. One opinion is that the metal lining 
the inner wall of the cathode is removed by positive ion 
bombardment and evaporation. The bombardment produces very 
small intensely hot spots on the cathode, and from these the 
metal evaporates. The evaporated metal is emitted in an atomic 
26 
state and arrives at t he negative glow by a process or diffus-
ion. Some theories( 13 ) maintain that the collisions occur be-
tween normal or metastable metallic atoms and metastable atoms (U) 
or ions or rare gases. Others maintain that the metal on 
leaving the cathode is in an ionized state, and that the collis-
ions are between metallic ions and excited metastable rare gas 
atoms. Sawyer (15)maintains that both types of collisions 
can exist in varying proportions, depending on gas pressure, 
cathode temperature, and current density. He maintains that 
for metals having low boiling points there are appreciable 
numbers of metal ions entering the reactions, while for metals 
having high boiling points or which sputter cathodically poor-
ly the particles enter the discharge in helium in either 
the normal state or in a low metastable state of the atom. 
When the gas pressure is reduced until the mean free path 
or the electrons leaving the inner wall of the cathode is near-
ly e~ual to the inside diameter or the hollow cathode a glow 
is produced. These electrons then have a mean free path which 
allows them to enter the region or the positive space charge 
of the opposite side of the hollow. The electrons reduce 
this charge and thereby lower the potential drop at the cath-
ode. For stable conditions this results in an increase of 
current density. Whether the emission is predominantly arc-
or spark depends on the exciting gas to a large extent. It 
is possible with helium, having a comparatively high excita-
tion potential, to excite most spark spectra. However, with 
argon, having a lower excitation potential, the arc spectrum 
is generally favored. Due to its small mass helium some-
times can not cause sufficient sputtering action. Argon, 
with its large mass, on the other hand, is more effective as 
a sputtering agent. A combination of argon and helium is 
sometimes used, the heavy argon increasing the sputtering 
action, and the higher excitation of helium producing a spark 
spectrum. If the arc spectrum'is desired argon alone is 
sufficient. The concentrations of gas in the tube are quite 
low, hence the effects of pressure broadening are not encounter-
ed. 
Doppler Effect 
The cooling of the cathode decreases the line broad-
ening due to the Doppler effect. The Doppler effect as 
observed in stellar spectra shows a shift of lines, in-
dicating a change in the observed fre~uencies. The observed 
' 
result is different, however, for spectra from a gaseous 
discharge in a tube. 
In a gaseous discharge high velocities due to thermal 
agitation are attained. This is a random motion in accor d-
ance with the kineti c. theory of gases. A resulting broad-
ening, and not a shift, of lines is observed, due to the 
randomness of motion of the atoms and molecules emitting 
light. This broadening decreases with increasing atomic 
weight, and increases with temperature. 
The change in the fre~uency of light emitted, .Ll v 
for an atom moving at a velocity, 1f, and such that e is 
the angle between the direction of motion, and the observe rs 
line of sight can be obta ined from 
11~ v-Vo v~B u 
= = = 
v. \7., e c 
where v = observed fre~uency 
VD =fre~uency when v= 0 . 
u = tr CbOB , is the component 
of velocity in the direct-
tion of observation 
C =Velocity of light 
E. 9. 
According to Maxwell's law of distribution of 
. (27) veloc~ties the probability that the velocity will lie 
between U and UtdZ/is d (@ - (3u« 
w =yp:: e du 
fi 
where (3=-, LJ= molecular weight 
,)JIT r 
~ = the universal gas 
constant 
T ::-absolute temperature 
Solving for 2L from equation 1: 
u= ~ {v-v~ 
Substituting in equation 2: c2. :;. 
, 18 - (3 \l-01. ( v-v..) 
dw == V7T e " du 
Whence the relative intensity as a function of frequency, 
I (v), is 
ca. )Ol. -~-;1. (v-v, I (v) = (Constant) e Va 
.( .&6) 
This relationship is plotted in Figure /.3 , giving an in-
tensity frequency curve for the Doppler broadening of a 
spectral line. 
I(v) 
Flut/RE 1~. 
0. 
The curve shown is for a general case where there is 
broadening due to the Doppler effect. The half intensity 
breadth may be found by setting the exponential part equal 
to one half, then solving for the half breadth { v-vo ) and 
multiplying by two. 
v- fa 
From this equation it is seen that the Doppler 
effect is proportional to the square root of the absolute 
temperature. It is also proportional to the frequency 
and is inversely proportional to the square root of the 
molecular weight, J' . 
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The Littrow Mount 
The components of the Littrow mount are supported on 
two parallel I-beams, thirty-one feet long. At one end of 
the I-beams is mounted a heavy iron frame containing the 
slit and plateholder. At the other end are mounted the 
collimating len~ and grating. A small I-beam extension of 
three feet was bolted to the large I-beams at the slit and 
plateholder end of the Littrow mount. This extension was 
provided with a holder for supporting components of the 
optical system. 
The slit and its Hartman diaphragm are located directly 
over the center of the plateholder. The slit is of the bi-
lateral type, being opened by a calibrated screw, and closed 
' by a spring. The slit can be pivoted about a vertical axis, 
moved in the direction of the light path, and clamped in 
position. 
The plateholder is provided with means for focusing. A 
large adjustable screw moves the complete framework, contain-
ing plateholder and slit, in ways parallel to the light path. 
A large bolt at the center of the plateholder permits pivot-
ing the plateholder about its center. Eight pairs of small 
adjustable screws, spaced along the upper and lower edges of 
the plateholder, provide for adjusting its curvature. Spring 
clips were made to hold the plates firmly in position. A 
removable light-tight cover was fitted onto the plateholder 
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to protect the plates from stray light. 
The collimating lens, near the far end of the I-beams 
is a six inch diameter acromatic lens of thirty feet focal 
length. 
The grating is ruled on a plane glass surface coated 
with aluminum, and has 15,000 lines per inch. The ruled 
surface is 16.5 by 10.7 centimeters. 
In order to minimize effects of building vibration the 
Littrow mount is suspended from above by sixteen heavy coil 
springs. The fastenings of these springs in turn are sep-
arated from the building by thick felt padding . Vibrations 
of the Littrow mount are f urther damped out by soft sponge 
rubber pads adjusted so that they lightly touch the .Littrow 
mount. The inertia of the Littrow mount, due to its large 
mass, further reduces its susceptibility to vibration. 
However, pumps which operate intermittently, and which 
are located in the sub-basement, eause sufficient building 
vibration to make the Littrow mount vibrate. This can be 
seen easily by placing a dish of mercury on top of the I-
beams, shining a beam of light on the surface of the mer-
cury, and observing the ripples on its surface when the 
pumps are in operation. This difficulty may be oveDcome 
by taking the exposures at night, when the pumps are not in 
use. 
In order to obtain a more nearly constant temperature 
33 
for the Littrow mount and etalon, a housing made of wooden 
framework and one-half inch thick insulating Celotex panels, 
was constructed around the entire Littrow mount and etalon. 
Most of the material for this was salvaged from the previous 
location of the Littrow mount at 688 Boylston Street. This 
housing is three feet by three feet in cross section. It 
has hinged doors, seven removable sections which provide access 
to the equipment, and a raised section at the slit-plateholder 
end to provide full head-room for the operator. The operator 
can open and close sections of the housing to gain access to 
the slit, plateholder, grating, collimating lens, etalon, 
mirrors, lenses, baffles, and light stop, for making the nec-
essary adjustments. This insulated housing also provides a 
light-tight enclosure for the interferometer, reduces stray 
air currents, and helps protect the enclosed equipment from 
dust. 
Five baffles, made of Celotex, were placed at approx-
imately equal intervals between the slit and collimating lens 
to cut out stray light. This is an important precaution 
with the Littrow type of mount, A small baffle, ol' stop, 
was placed at the focus of the light which is ref lected from 
the back surface of the collimating lens. This small stop is 
suspended by wires in a manner which permits its adjustment 
in position. It can be moved along these wires until it 
coincides with, and blocks out, the small spot of reflected 
35. 
.... 
~ () 
~ 
~ 
~ 
~ ...:: 
' 
..... 
' ....... .... 
..... 
""' ~ ~ \'I) It: 
' ~ ·.~ 
li:: 
~ 
~ ~ 
~ 
~ ~ 
() 
~ (.j 
light. 
The entire inside of the housing, the baffles, and 
parts of the I-beams and mountings were carefully painted 
flat black to reduce stray light due to internal reflections. 
Sensitive thermometers were placed in the housing to 
indicate the temperature. 
36. 
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The Optical System 
A. The Optical System Without the Etalon. 
The optical system without the etalon is shown in Fig-
ure 15. Light, passing vertically upward from the tube, is 
reflected through an angle of ninety degrees by mirror M2 • 
This mirror is placed directly above the end of the tube. 
The light passes through condensing lens L2, is reflected by 
mirror M1 , and is focused on the slit. The collimating lens 
L1 is placed at a distance equal to its focal length from 
the slit, hence the light, after passing through the slit 
and the collimating lens is parallel as it strikes the plane 
r eflection grating G. The light is dispersed and reflected 
by the grating, and focused by the collimating lens on the 
curved plateholder H. 
Light from a comparison source, such as an iron arc or 
a mercury arc, may be substituted into the system in place 
of the light from the hollow cathode discharge tube by adding 
a mirror to the system. The mercury arc is introduced by plac-
ing it off to one side of the tube, and placing a small mirror 
M3 on top of the cover plate of the tube. Light from the 
mercury arc is reflected by mirror M3 toward the rest of the 
optical system. Due to the physical dimensions the iron arc 
could not be used in the same location as the mercury arc. 
The iron arc is substituted by introducing a mirror M4 between 
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OpticaJ System Without Etalon 
Figure 15. 
lens ~ and mirror M1 , and adding a lens L5 near the iron arc, 
as shown in Figure 15. 
The support for mirror M4 is pivoted so that this mirror 
can be swung into and out of the light path. When this 
mirror is in the light path it not only refleats light from 
the iron arc toward the remaining components of the optical 
system, but also blocks out light from the tube,or from the 
mercury arc. When this mirror is out of the light path, 
the light from the tube, or mercury arc, traverses the system, 
and light from the iron arc does not. 
B. Optical System With the Etalon. 
The optical system with the etalon is similar to the op-
tical system without the etalon, except that lens L2 is re-
placed by two lenses, L3 and L4 , and the etalon and diaphragm 
are added. This is shown in Figure 16. The light from the 
source is focused on the etalon by lens L3 , or by lens L5 if 
the iron arc is used. The rings from the etalon are focused 
on the slit by lens L4. 
Slit widths in the order of half a millimeter were used. 
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Optical System With the Etalon 
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Figure 16. 
Lining Up the Optical System 
A. Without the Etalon. 
For lining up the components of the optical system, a 
beam of light is first sent from a point near the center of 
the collimating lens, back to the source (hollow cathode tube, 
or other light source). This is accomplished by placing a 
small Mazda 90 bulb, rated 12 to 16 volts, close to the colli-
mator lens, on the slit side of the collimator lens. The 
position of this bulb is adjusted until it is located central-
ly with respect to the collimator lens. A small wooden stand 
and wire holder were constructed for supporting this bulb. 
Adjustments of bulb position are easily made in any direction 
by bending the stiff supporting wire. The wooden base is cut 
to a size such that by lining up the end of the base with the 
edge of the I-beams, the bulb is correctly centered. This 
saves time when repeatedly using this bulb and stand. 
Mirror M1 , as shown in Figure 15, is the first component 
of the optical system to be adjusted. The light from the small 
bulb passes back through the slit. Mirror M1 is mounted in 
such a position that the light beam strikes it centrally. The 
mirror is then rotated about its vertical axis, until the re-
flected light falls beside the slit. The mirror is adjusted 
until its vertical axis is such that the elevation of the re-
flected light at the slit is the ·same as that of the slit 
itself. 
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Mirror M1 is then rotated about its vertical axis until 
the reflected light coincides with an imaginary vertical 
line through the center of the source. The mirror is then 
turned about a horizontal axis until the light beam passes 
directly o~er the top of the tube, at a height of about t wo 
inches above the top of the tube. To facilitate this part 
of the lining up, two wood screws, about two inches long, to 
be used as markers, may be placed, head down, point up, on 
the glass cover plate of the tube. They should be located 
centrally over the side walls of the tube to indicate the 
position of the side walls. The observer can then watch for 
the light beam as it is adjusted to pass midway between these 
screws. The tips of the screws, furthermore, provide a measure 
for determining the correct elevation of the light beam as it 
passes over the tube. A check should be made to see that the 
light from the slit st i ll strikes M1 centrally. 
The position of mirror M2 is adjusted next. The light 
beam passing over the tube is now located such that it can 
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strike mirror M2 centrally. Mirror M2 is mounted in position 
over the tube such that the surface of the mirror is at a forty-
five degree angle with the horizontal. The small bulb and 
stand are now removed. Mirror M2 is adjusted by running the 
tube, and moving t~ until the light from the tube after being 
reflected from M2 strikes M1 centrally, and is reflected by 
M1 to strike the slit centrally. 
Lens L2 is next mounted in position and adjusted unti1 
the light from the source strikes the slit centrally, fully 
covers the slit, and is focused on the slit. 
The line-up can now be checked by observing the light 
coming from the source, from a position directly in front of 
the collimator lens, (on the slit side of the collimator 
' lens). The observer can view the light coming through the 
slit, and by moving his head from side to side as well as up 
and down, can quickly determine whether or not the light will 
strike the eollimator lens and grating centrally, and will 
fully illuminate the grating. 
If this check should show that the light from the source 
does not illuminate the collimator lens fully and centrally, 
the adjustments described above should be repeated, using 
I 
greater care andaccuracy. 
The grating is next adjusted to reflect the light through 
the opening in the plateholder. 
about three mutually perpendic-
ular axes. By rotating about 
its vertical axis, referred to 
( 16) 
as the z-axis in Figure 1?, 
the order and spectral range 
oan be selected. By rotating 
about the horizontal axis 
which lies in the plane of the 
The grating is adjustable 
IZ 
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Figure 1?. 
grating, referred to as the Y-axis, the reflected image 
at the plateholder can be raised or lowered. By rotating 
about the horizontal axis which is perpendicular to the 
surface of the grating, referred to as the X-axis, the image 
at t he plateholder is rotated in like manner about a horizon-
tal axis perpendicular to the plateholder. 
These three adjustments are made such that the desired 
spectral range is selected, and located symmetrically within 
the opening of the plateholder. As this condition is being 
approached the individual lines observed may not be uniform-
ly illuminated. If this is the case, the line-up of the com-
ponents of the optical system, in the vertical direction, 
should be rechecked, and then the grating rotated about the 
Y-axis until the lines are uniformly illuminated. 
The mercury arc can be substituted easily for the hollow 
cathode tube as a light source without disturbing any of the 
components already in the system. To accomplish this a small 
mirror M3 is placed on top of the tube, as shovm in Figure 15, 
and the mercury arc is placed to one side of the tube. The 
distance from lens L to the mercury arc is made equal to the 
2 
distance from this lens to the glow discharge in the tube. 
Light from the mercury arc, after being reflected by mirror M3 
follows the same light path as that followed by light from 
the tube. The horizontal and vertical lining up of the mer-
cury arc is accomplished by again placing the small bulb in 
the same position as before near the collimator lens. The 
light from this bulb is viewed (from the location of the 
mercury arc) after it has traversed the optical system, and 
has been reflected toward the mercury arc by mirror M3 • The 
mercury arc is moved to intercept this light beam. The small 
bulb and its stand are then removed. 
It is well to do the preliminary adjusting or the op-
tical system using an iron arc as a light source because of 
the abundance or lines in the iron spectrum. 
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Lining Up the Optical System 
B • With the Etalon. 
When using the etalon the optical system is as shown in 
Figure 16. The lining up of the components is started in the 
same manner as for lining up the system without the etalon. 
The small bulb is placed just in front of the collimator lens, 
and located centrally with respect to it. The light from 
this bulb passea through the slit. Mirror M
1 
is adjusted 
until the light coming through the slit strikes M1 centrally. 
This mirror, and mirror M2 are then adjusted as before. The 
small lamp and its stand are then removed. 
The glow discharge is started within the tube, and lens 
L3 is placed in the light path. It is adjusted so that the 
light from the source is focused at the position where the 
etalon is to be placed. This lens is then center~d into the 
optical path. This is done by viewing the light coming 
through· this lens from a position between the mirror M1 
and the slit. Lens L3 is centered by moving it horizontally 
and vertically until the light coming through it is seen to 
strike mirror M1 in the same central position that the light 
from the small bulb had previously struck mirror M • 
1 
The plates of the Fabry-Parot etalon must be accurate-
ly adjusted for parallelism before the etalon is placed in 
the optical system .(l?) This is done by adjusting the ten-
sion on three spring clips which hold the glass pla tes in 
position. Three setscrews are provided for the purpose. 
The etalon is illuminated with the mercury arc, and is turn-
ed so that the center of the rings is seen to coincide with 
the image of the pupil of the eye. Then, by moving the eye 
horizontally or vertically, while observing the rings, they 
can be seen to follow the motion of the pupil of the eye. 
If the rings expand when going in one direction, then the 
eta lon plates are farther apar t a t that s ide than at the 
other. This is remedied by tightening the setserews to re-
duce the spacing between the plates, and loosening the set-
s crews to increase the spacing. The same is done for motion 
in both the horizontal and vertical direc.tions. V.J hen the 
plates are parallel there is no change in size of the rings, 
when moving the eye in any direction. 
The etalon is placed in the system next, and its posi-
tion is adjusted until light from the mercury arc is focused 
on it by lens ~ .• Theetalon is moved horizontally and verti-
1 
cally until it is fully illuminated, and is in the center of 
the light path. The etalon is then viewed from the side away 
from the source, with the observer's eye in the light path. 
The etalon is turned until the circular rings are seen to be 
located centrally. Since the rings are located centrally 
when they coincide with the reflected image of the observer' s 
eye, it is helpful, when making this adjustment, to first 
4l 
notice what part of the observer's face is reflected to his 
eye by the etalon plate. The observer then turns the etalon , 
as he would a small pl ane mirror, until he sees the image of 
his eye. When this is done the rings appe ar. 
Lens L4 is t hen pl aced in the sys t em, and ad j us ted so 
that the light strikes the slit and the grating symmetrically. 
This lens is adjusted so that the fringes are focused on the 
slit. 
For lining up and focusing the etalon, it is well to 
use the light from a mercury arc, so that the rings can be 
seen at the slit. These must be located centrally with re-
spect to the slit, and illuminate the full length of the slit. 
Spectral lines may now be viewed at the plateholder. 
After lining up and focusing the system with the mercury 
arc, it is replaced by the tube, merely be removing the small 
mirror M3. 
Since this light source is not monochromatic, the rings 
now will not be visible at the slit. In this case it is still 
possible to center the rings on the slit in the following 
manner. An electric light bulb of about sixty to one hundred 
watts is mo~ted near the collimating lens, in place of the 
small bulb. Light from this bulb, after passing through the 
slit is reflected by the etalon back toward the slit. The 
etalon is turned slightly, until this reflected image falls 
directly on the slit itself. The rings are now centered on 
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the slit, ,and the spectral lines broken up by the etalon, 
can be observed at the opening of the plateholder. 
All adjustments must be made very carefully. Even 
though the light from L4 strikes the slit centrally, the 
adjustments are so critical that the grating may not be ill-
uminated centrally. In order to keep the grating fully ill-
uminated while moving lens L4 it was found helpful to put the 
small lamp and its stand again in place in front of the col-
limator lens. The small lamp is not turned on this time. 
The slit is opened wide. ThisFesults in a narrow black sil-
houette of the lamp and its holder, in the center of the spec-
tral lines, as observed from the plateholder. If the lens L4 
is moved slightly to one side or the other during focusing, 
the spectral line likewise moves off to one side or the 
other of the black silhouette, and simultaneously decreases 
in intensity. Hence by keeping the spectral line centrally 
located with respect to the silhouette it is possible to 
focus by moving L4 until the fringes can be observed at the 
plateholder. The small lamp and its holder are now removed. 
The system has been lined up. 
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Focusing 
When focusing it is well to use an iron arc due to its 
abundance of lines. The focusing adjustments for t he plate-
holder consists of: (1) a large setscrew which moves the comfo. 
plete framework containing the slit and the plateholder along 
tracks toward and away from the grating, (2) a bolt, mounted 
centrally with respect to the plateholder, about which the 
plateholder can be pivoted and fastened into position, and 
(3) eight pairs of setscrews for adjusting the curvature of 
the :plateholder. 
In the :parallax method of focusing, fine wires are sus-
pended vertically at intervals of three or four inches along 
the length of the opening in the :plateholder. They are . mount-
ed such that they coincide with the ~ location of the surface 
of the :plate facing the grating. The wires and nearby spec-
tral lines are observed simultaneously as the observer moves 
his head from s ide to side. If the :plateholder is not in 
focus, relative motion between the wires and the spectral 
lines will be observed. V'hen the plateholder is in focus 
this relative motion disappears. 
The slant-plate method makes use of six :plates, approx-
imately five inches long by two inches wide, spaced at in-
tervals across the :plateholder. Slant-:plateholders were made 
to hold these in :position at an angle of approximately thirty 
degrees with the horizontal. The lower ends of the slant-
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plateholders are closer to the grating, and the upper ends 
are rarther away from the grating, than is the opening of 
the large plateholder. A fine wire, fastened across the 
center of each of the slant-plateholders, casts its s ha dow 
on the slant-plates to identify the position of each slant-
plate with respect to the large plateholder. 
The slant-plateholders, each containing a plate, are 
clamped in position, and an exposure taken using the iron 
arc. The lines on these plates are inspected to determine 
the locations of best focus for the various parts of the 
plateholder. The plateholder is then adjusted for these po-
sitions. 
There is another method of focusing which determines 
the positions of best focus even more accurately. Six sets 
of exposures are taken. The plates used are two inches high 
by three inches wide, and are held in a vertical plane. The 
individual sets of exposures are taken at equal intervals of 
distance across the plateholder. Each set consists of several 
exposures taken at intervals of about one millimeter in front 
of, at, and behind the location of the opening in the plate-
holder. These plates are then inspected to determine the 
positions ~ of best focus, and the plateholder is adjusted 
accordingly. 
The Etalon 
The Fabry-Perot interferometer contains two plane paral-
lel glass plates, each partly silvered on one side. The 
silvered sides are placed toward each other and the glass 
plates are held in a rigid metal frame. A spacer of quartz 
or invar separates the plates. The spacer used here has 
three r a ised spots on each side, which are carefully polish-
ed, and against which the glass plates rest. Adjusting 
screws vary the tension of spring clips which hold the glass 
plates in place and which are located at the positions of 
the raised 'spots. The plates are adjusted for parallelism 
by varying the te.nsion on these spring clips. 
The interferometer makes use of fringes obtained in the 
transmitted light after the incoming light has been sub-
jected to multiple reflections in air between the partly 
silvered surfaces. Fringes may be observed in the light trans-
mitted through the etalon if the light is from a monochromatic 
source. Each ray of light, as it strikes the first si·lvered 
surface, is partly transmitted and partly reflected. That 
which is transmitted is again broken up into a transmitted 
and a reflected part by the second mirrored surface. The 
ray reflected from this surface strikes the first mirrored 
surface and again is partly transmitted and partly reflected. 
This process of multiple reflection continues, and from each 
incoming ray there is obtained a number of parallel trans-
mitted rays. These parallel rays are focused by a lens and 
interference fringes are produced. 
Figure 18. 
Figure 18 shows a ray striking the etalon at angle e . 
This r ay is brolten up by the multiple reflections and focus-
ed at a ppint P2 • Reinforcement of the rays is obtained 
when 2t cosB = n A , ·· where n is an intef!!;er, 
~ is the wavelength, 
and;-<= 1 for air between the plates. 
This relationship may be obtained by considering 
Figure 19. 
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Figure 19. 
S3. 
The dif'ference in path between rays 1 and 2 = BC +CD -BE 
' 
Due to symmetry 
and 
likewise 
and 
so 
The difference in path 
BC =CD= -t: 
BC + CD= -.....;~;.;.t~­
cos 9 
DF :: BF = t 'tan 
BD = 2DF: 2t tan 
BE= BD sin9 = 2t tan 9 sin 9 
BC +CD -BE= .£:L -2t tang sinS 
c.os s 
2t ( I - ~,;,.,.e)=~ (1- s/n 28) 
coslf c.os8 cosO 
2t CDS2.8 
c:o.s 6 
2t cos 
For reinf'orcement the path dif'ference is an integral (n) 
number of wavelengths, giving n ~ = 2t cos 9 
This condition exists for maximum reinforcement of' the 
rays. AS' the angle 9 decreases cosB incr~ases, and n ceases 
to be an integer. The light is no longer bright, untilB 
has decreased sufficiently for n to increase to the next 
integer. Maximum brightness is obtained for integral values 
of n such as 1, 2, 3, •••• 
The same relationships hold for any point P2 located at 
the same distance from the axis. Hence a series of bright 
and dark concentric rings are obtained. These rings, or fringes 
are known as Haidinger fringes since they are observed near the 
normal, and the mirrored surfaces have a rather large eep-
aration. 
A form of Fabry-Perot interferometer known as a "sliding 
interferometer" in which the spacing between the mirrors is 
adjustable, can be used when comparin.g light of two diff'erent 
wavelengths. If the plates are nearly together the rings 
from the two wavelengths almost coincide. If the plates are 
gradually separated, the rings separate and eventually f'all 
half way between each other. As the plates are separated 
still further the rings coincide, and then separate again. 
Consider the rings at the center (cosB=l) when the rings are 
midway between each other. Call the two wavelengths ~~and~J,. 
2. t, = -n1 ~a. for one wavelength 
also 2. t, = (71, + ~) J b for the other wavelength. 
2t, = 71, ~a= (n, + ~) ),b 
subtract n~ f'rom each term 
I b { ) I \ 2t, -71, ,\b = n1 Aq -,\, :: F n b 
since ll = 2 t, 
I ~a zt ) ~b 
substituting zt,- (- ~~ ~" = T 
~(l\4-"b) = --t A~ 
( ' _ 1. ) _ .t\4 ~.. if the diff'erence llq ~~ " - . 4 t, 1 ~:.. between,.\ and ~ is small, {A a_ ~ ,) :: ~!1 .... _...-
a ~ • 4 "t, 
If the spacing is increased until the sets of rings are 
again midway between each other (spacing is t 2 ) , 
2tz ~ -n 1 ~a =(n~-ri+-F)>.b 
z t, -= n. A Q = ( n. + ! ) A., 
( s11#Jtrac-t) 
2 ( tz- t,) = ( nz.- n,) t\ a = ( n:l.- n,) A., t- ~ b 
z(t~-t,) = (z}.t; 1 ~t~)~., +~b 
= Z ( tz - t,) t +A b 
~ { t,- t1) ( J- 1:) r ,\ b 
~a- ~ b ,\ b 
A a. ~ ~ (+z.-t,) 
z ~ _ ~b::: Aa~J, ::: ~
~ 2.{~- tt) .;z. (t~ -t~ 
Once the distances t 2 and t 1 have been measured, the 
difference between the known wavelength A11 and the other 
wavelength A~, can be determined. 
This method, however, involves moving one mirror for 
each new setting. A more accurate method consists of photo-
graphing the fringes without changing the spacing between 
the plates. If the light source in this case consists of 
several different wavelengths the fringes will overlap and 
be confused with one another. However, if the etalon is 
crossed with an auxiliary dispersing device, such as the 
Littrow mount, the various wavelengths can be separated from 
each other, and the fringe systems can be observed. Re-
lationships for the interferometer may be derived in the 
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following manner. 
In general the order of interference will not be an 
integer P, but will contain a fractional part£, hence at 
the center ( 8::0: cos B = 1) the order of interference is 
p = PrE. For a bright ring making an angle 9 with the normal, 
d f • t f • p 2. t UJS B h i the or er o J..n er erence J.s = ~ , ence n general 
at the center the order of interference is p=~~ By sub-
stitution, the order of interference for any bright ring is 
p :::: p cos 8 • 
Letct:: the angular diameter of a ring == 2 8 .. 
substituting r' = -p c.os _f_ ¥ 
for small angles cos -f-: j -2. ( t1~ + {<~>;] - ·· · 
_£_ +., 
substituting P ::- "f [ J- 8 + .3 84- ···] 
F -a. <1>2. 
1':: I- +j8 = ?{1-t-f): f'+Pa 
since e=-~-P 2. 
substituting e ~ -p + p -.:f. - -p 
2. 
e ~ r-f· 
If now 8:- angle subtended at the condensing lens by standard 
gage marks on the slit. 
L' -::;distance between these gage marks. 
D' =the diameter of a ring on the slit. 
L = corresponding gage marks photographed on the plate 
D ~corresponding diameter of ring photographed on the 
plate. 
F = focal length of lens 
m = magnification of 
I>' 
tan+=f, and 
the spectrograph 
L' 
tan 8 = F , for small angles. 
])' 
and ...J-.. = 8 -.!I! = B 1 L'm ~ , where D and L are the 
photographed dimensions 
on the plate. 
substituting 
since 
and 
by substitution 
since 
by substitution 
4>-a. 9 2 D2.. 
e=Pe-=P sL-z. 
rn = LjL' ; L 1 =L/m 
{} : L'/p ~ L/m F ; o/L_ :: Y,., F 
_ PD,_ 
f- 8 m"'F... :£.) 
e =r-F' , aruJ P:-r(J- a 
2. 
e = 1" -JO t ,+ 
.1: 2. 2. 2. 
soe=r 8 , ande al·so=F/ ::p 8 '!,_,.2 (for a ring) 
hence e p .fl 2 
= Bm1.Fz. 
call 8 m"!' F2 =K 
e ~n~ and for any bright ring = ,.~ 
For the first ring £+ (n-1) :: e+{l-1) =e . = KD,2. 
For the second ring e+ ( n -I) = e f (z-1) :£ t-J =If ])2 2 
subtracting J = K ( Dz1. - .D, J 
I 
or K = D. 1 _ .D. 'Z. 
.z. I 
Multiplying by the wavelength of any line~, K\ = -..,....;...::.\ __ _ 
1\ :D'J. -])'2. 
This is a constant for any line on the plate, 
_, 
since J<= ---~--=--8 ,-a F '2-
2. I 
SB. I 
and K ~ -= ---,,....""~P;.......:.,;~;_.....,....... 8 m2.F2. 
making the substitution --r' ,\ = zt 
1-L\.: zt 
llll 8 m'~-F-z.. in which all 
terms are constants since m is considered a constant for the 
entire plate~lS) 
The method of obtaining wavelengths using the above re-
lationships will be outlined. The diameters of the rings 
for each line are measured on a comparator. The diameters 
are squared, and the difference of the squares of successive 
rings, D~ -n; is obtained. For greater accuracy two or three 
rings may be skipped over, and the difference between the 
squares of the diameters of say the second and fifth rings 
obtained, and divided by the number 
'2. ~1. D~ - .v2. 
3 , or in general, 
of spaces between ri'ngs. 
'Z. ~ 
D« - ])~ 
0(- ~ 
This is divided into ~ giving the plate constant 
~~~- A 
11 - ( »c\ -151p ) 
~-@ 
The plate constant is calculated for several lines, and the 
mean is used. 
It is next desired to obtain the optical thickness of 
the etalon spacing, t. However, it is first necessary to 
know the order of interference at the center,(p). 
The method ot obtaining this order is next outlined. The 
plate constant is divided by the approximate known value of 
the wavelength X for each line, giving K for each line. 
(obtained for each line) 
For each line these K's are then multiplied by the squares 
of the diameters 
n = 1, 2, 3, ••• 
where n is the number of the ring, and e is the fractional 
order. Two values of et(n-~are thus obtained for each line 
and the average used for the fractional part of the order 
for each line. 
The integral order .of interference is next determined. 
The thickness of the spacer, t, unless already known, is 
first obtained using a micrometer. This value is doubled, 
and divided by the standard wavelength of one line, giving 
2t, the work being carried out to the nearest integer. }., 
This value is now a trial at the integral order of inter-
ference. To this integral part is added the average value 
of l (the fractional order) for that line, as described above. 
This order may not be correct in its integral part, but it 
has the correct fractional part. The integral part of the 
order, since obtained from~ above, will not be correct unless 
the thickness,t, is correct. 
A trial value for 2t is now obtained by multiplying the 
complete order by the standard wavelength for this first 
. line. This trial value for 2t is next divided by the known 
wavelengths of the other lines, giving trial values for the 
orders of interference for these lines. If the fractional 
orders obtained agree to within a few units in the second 
decimal place then the true thickness of the etalon had been 
determined, and the correct integral order for the first line. 
However, if t he fractional parts of the orders are not 
in agreement vd th those previously calculated for these l ines, 
the thickness is not the true value. A new trial order for 
the first line is then obtained by adding or subtracting a 
unit from the integral part. Using this new trial order for 
the first wavelength the procedure is repeated, multiplying 
by thestandard wavelength to obtain a new value for 2t, 
( f~, = 2.t), and then dividing this value of 2t by the standard 
wavelength of each line, giving new trial orders for these 
lines. This procedure is repeated, each time adding or sub-
tracting one more unit from the integral part uhtil the 
fractional parts of the orders tor all lines agree, as men-
tioned above, with the calculated fractional orders. 
The true value of t i s now obtained from 2t::: (P-tE)>. 
i n which P is the integral order obtained for each line, 
e is the true fractional order previously calculated, and 
~ is the standard, or known, wavelength. The mean of these 
values is used for the etalon thickness. 
The final step in obtaining the refined value of wave-
length of each line is to divide the mean value of 2t by the 
sum of the integral order obtained and the true fractional 
order. 
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Determination of Wave-Lengths 
The procedure just described was used in finding the 
wave-lengths of two cadmium. lines. Mercury lines were used 
in determining the etalon thickness. A sample calculation 
is given in the Tables. Table I shows the method of determin-
ing ring diameters for the mercury line, .X= 4339.235 A. The 
spacings were measured with a Gaertner comparator, with the 
plate held at right angles to the carriage. Four sets of 
readings were taken with the end of the plate which contained 
the long wave-lengths placed toward the observer; and labeled 
"Red End Lower" in Table I. The plate was then turned end 
for end, and four more sets of readings taken. These are 
referred to under "Red End Upper" in Table II. 
In Table II, column three, are listed the diameters 
obtained for "Red End Lower", and "Red End Upper". The mean 
is obtained in column four, and is squared in column five. 
Column six gives the difference in the squares of diameters 
divided by the number of rings skipped over. The last column 
gives the plate constant calculated for this line. 
Table III, column one, lists the mercury lines photo-
graphed. Column t wo gives the values obtained for K for each 
line. These are multiplied by the squares of the diameters 
of the rings to obtain the fractional order of interference. 
The means of these fractional orders are given in column three. 
The value of 2~ given at the top of the last column was obtain-
ed from the previous work of Lacount(lS~ An integral order 
62. 
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Table I 
Red End Lower 
Ring Standard).. One Side Other Side Diam. 
4 4339.235 6.555 4.725 
6.556 4.722 
6.556 4.728 
6.554 4.729 
6•555 4.726 1.829 
2 6.135 5.118 
6.130 5.116 
6.130 5.115 
6.126 5.114 
6.130 5.116 1.014 
Table II 
_.Ring Standard A D Red End Lower Mean D n2 2 2 ~ DD'-DI! 
Red End U 0<-~ D~: -D'-
.,., fl 
tx-(1 
4 4339.235 1.829 
1..834 
1.8316 3.3540 
1.1602 3741 
2 1.014 
1.019 
1·0166 1.0335 
Standard~ 
5790.654 
5769.59 
5460.740 
4358.35 
4347.496 
4339.235 
4077.811 
4046.561 
.6523 
.6547 
.6917 
.8667 
.8688 
.8705 
.9263 
.9334 
Table III 
K,\ 2-
'A D -E(Mean) 
.760 
.810 
.814 
.324 
.514 
.910 
.491 
.279 
I 
2t' 
)\. 
2t' = 18.564117 
32058. 
of interference obtained by dividing 2t by the first wave-
length listed in column one, is listed in the last column, the 
work being carried out to the nearest integer. 
In Table IV, column two, orders of interference are 
given which were obtained by dividing 2t1 by the wave-lengths 
of the first column. I As a check on this value of 2t, in 
column three,one unit has been subtracted from the integral 
order for the first line, and the true value obtained for E 
is added to this integral order. This order of inte·rference 
was then multiplied by the wave-length of the first line, 
giving a new value for the double thickness of the etalon, 
2t". This value was divided by the wave-lengths of each of 
the remaining lines, and the orders of interference listed 
in column three. 'rhis procedure as repeated again in column 
four, this time an integer being added to the integral order 
of interference of the first line. By adding and by sub-
tracting an integer to the integral order of the first line 
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Standard )\, 2t1 
An 
5?90.654 
5?69.59 
4358.35 
4339.235 
4046.561 
2t' = 18.56411? 
32058.?62 
321?5.800 
42594.36? 
42?82.004 
458?6.281 
Standard A 
5?90.654 
t)?69.59 
4358.35 
4339.235 
4046.561 
Approx. X E 
46?8.156 
4?99.918 
.442 
.819 
Table IV 
2t" 2t "' 
"'" 
Ah 
2t" = 18.564102 2t Ill= 18.564698 
3205?.?60 
321?4.?99 
42593.045 
42?80.6?2 
458?4.854 
Table V 
Table VI 
2t 
-y-=P 
2t ::: p ~ 
18.564102 
18.564123 
18.564098 
18.564116 
18.564115 
32059.?60 
321?6.805 
42595.?01 
42?83.342 
458??.?16 
39682.53 
386?5.89 
46?8.16?4 
4799.9275 
in this manner, the fractional orders of the remaining lines 
were found to deviate from the [true values of E,as previously 
calculated, hence the integral orders of interference are 
those obtained in the second column. 
Table V gives values of 2t obtained by multiplying the 
integral orders of interference of Table IV, column two, plus 
the fractional orders of Table III, column three, by the 
wave-lengths of Table V, column one. The mean of these thick-
ness is 18.564111. Table VI shows the true fractional order, 
E, in the second column for the cadmium lines of the first 
column. This was obtained by the same methods previously 
described, the cadmium red and green lines also being used 
in this work. In the third column the above value of 2t is 
divided by the wave-lengths of the first column, giving orders 
of interference. As a final step the integral parts of these 
orders plus the fractional parts as shown in column two are 
divided into 2t to give the wave-lengths shown in the last 
column. 
The Vacuum Sy.stem. 
The vacuum system used with the hollow cathode tube 
serves also as a circul.ating and purifying system. Its 
functions consist of; 
1. Drawing a vacuum on the tube .• 
2. Acting as a reservoir to supply an inert gas to 
the tube. 
3. Providing for purification of this gas, and removal 
of any impurities already present in the system. 
4. Pumping _and circulating the inert gas through the 
tube. 
The vacuum system used is shown in Figure 20. It con-
sists of t _he following: 
A. A mercury diffusion pump, to provide the low press-
ures required, and to produce a constant circulation 
of the gas through the sys tem and through the tube. 
The diffusion pump is connected to a Cenco Hyvac 
mechanical fore pump at P. 
B. McLe.od gage • 
c. Manometer. 
D, and M. Cold traps to condense mercury vapor from 
the diffusion pump, McLeod gage, and manometer. 
These traps are immersed in baths of dry ice and 
acetone. 
E. Reservoir of argon. 
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The Vacuum System 
M 
Figure 20. 
~? 
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F. Dehydrating e.gent. 
G. Ground glass joint. 
H. Glass tubing to copper tubing connection, sealed 
with Parra rubber tape over thin metal foil. 
J. Hollow cathode discharge tube. 
K. Glass tubing to glass tubing connection, sealed 
with Parra rubber tape over thin metal foil. 
L. Calcium coated flask to act as a getter for purify-
ing the gas. 
P. Genco Hyvac mechanical fore pump. 
Pyrex glass was used throughout in the construction of 
the vacuum system.(lg) Stopcocks were added, as shown in the 
figure, for isolating various parts of the system, for connect-
ing the system to, and isolating it from the Hyvac fore pump, 
for admitting sma ll quantities of gas from the reservoir, 
and for admitting air from the atmosphere. 
This circulating syste~and hollow cathode tube, in addition 
to being used for determining the spectra of solids, may be 
used also in determining the spectra of various gases. In 
such applications, the gas may be introduced into the system 
at tap 4. 
Both helium and argon may be used as carriers in this 
l 
system. The~ighter helium gas has a high excitation poten-
t 
tial, and a large energy transfer. Argon, being heavier, 
usually produces a more intense spectrum. Due to the fact 
that argon freezes out at liquid air temperatures( 20) it 
is well to use solid carbon dioxide for the cooling traps. 
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The· Getter 
The getter used in the vacuum system consist~ of a film 
of calcium evaporated onto the inner surface of a 500 milli-
litre round bottom flask. Many trials were made before a 
satisfactory method of evaporating the calcium was obtained. 
Early attempts resulted in failures, usually due to overheat-
ing, causing the heating coils to sag or to actually burn off, 
leaving an open circuit. In attempting to evaporate the cal-
cium, ".arious designs of heating coils were tried. These 
included horizontal helical coils, and conically shaped wire 
baskets of various materials and dimensions. Corrections of 
successive failures lead to the design used, as sho¥m in 
Figure 21. 
This design has several features. The complete element, 
including the wire basket, aan be removed readily from the 
bulb, or flask, to facilitate cleaning and re-loading the 
wire basket. This has an advantage over designs which do not 
permit removal of the heating coil for re-loading. Although 
it is easy to re-load the basket, or heating coil, of such 
a model while it is inside the flask, it is quite difficult 
to clean off the ash-like residue, left from a previous charge 
of calcium, without damaging the wires. The residue generally 
has to be crushed and broken off of the wire basket, care 
being exercised to avoid damaging the basket in the process. 
Hence a removable element provides a simpler and safer way of 
?/. 
Arrangement for the Getter 
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Figure 21. 
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cleaning and reloading the wire basket. 
The wire of which the basket is made is 0.025 inch 
diameter tungsten. Tungsten wire was eventually chosen(2l) 
because of its high melting point, 3700 degrees centigrade, 
and because it does not alloy with calcium upon heating. 
The 0.025 inch diameter wire was used because smaller diameter 
wires were found to lack the strength necessary to prevent 
excessive sagging under the weight of a charge of calcium, 
when heated sufficiently to evaporate the clacium. Wires 
of diameters greater than 0.025 inch had the necessary strength, 
but required excessive current to produce the required heating 
effect. 
The basket is supported in a symmetrical manner which 
miniwi zes the sagging when heated. A small piece of mica 
insulation, shown in Figure 21, located opposite the upper 
"lead-inn wire to the basket, "catches" the basket as it 
starts to sag, supports it, and prevents the lower turns of 
the basket from being shorted out of the c·ircui t. 
The basket is silver soldered to two heavy copper sup-
porting leads. The silver soldered joints and supporting 
leads are made sufficiently large to prevent failure due to 
overheating. 
These leads, inside pyrex glass tubing, pass through 
the brass cover plate and the rubber stopper shown, and are 
silver soldered to short, 0.060 inch diameter, ~ungsten wires 
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which in turn are sealed to the glass tubing. This compara-
tively large diameter was chosen for the lead-in tungsten 
wires so that they will not overheat and damage the glass to 
wire seals when current is flowing. Vacuum tight seals are 
insured by water cooled, wax sealed (beeswax and rosin, one 
to one ratio) joints at the lead-in wires, and at the brass 
cover plate. 
Tungsten wire is brittle, and cracks when bent under 
normal conditions. However, with the proper application of 
heat, it is possible to bend and wind tungaten wire into a 
coil. One way of doing this is to preheat, in a Bunsen flame, 
a metal form onto which the wire is wound. A woodscrew of the 
proper dimensions, heated and held firmly in a vice, serves 
nicely as a form for winding conically shaped wire baskets. 
Heat can also be applied intermittently to the wire itself 
using a soft flame, whd.oh makes winding without cracking still 
easier. 
The heat and current required to evaporate the calcium 
without excessively heating the tungsten wire is estimated by 
first considering the temperatures required to sublime cal-
cium at reduced pressures, and then obtaining these tempera-
tures, approximately, by observing the color of the glowing 
wire basket when heated. 
Consider, for example, conditions for evaporation when the 
system is evacuated to the comparatively high pressure of . 
61 microns. This corresponds to 8.1 X 10-~ atmospheres. 
7 . 
(22) 
According to the International Critical Tables, a temp-
erature of approximately 925 degrees Kelv~n, or 652 degrees 
Centigrade is re·quired for subliming calcium at this pressure. 
(23) 
From the Color Scale of Temperatures this temperature is 
found to correspond to a "dark red heat". 
The basket does not heat uniformly, but is warmer near 
the central coils, and cooler at the top and bottom. The 
current is thus adjusted until the color is "bright red" near 
the central coils, diminishing to "dark red", and gradually 
to no glow approaching the top and bottom of the basket. 
The evaporation is a rather slow process, requiring about 
ten to twenty minutes to form an opaque mirror-like film on 
the inner wall of the bulb. The current required is approx-
imately ten to fifteen amperes. By using lower pressures, 
evaporation can be obtained at lower temperatures. 
Operation of the Vacuum System 
Before operating the vacuum system it should be checked 
to see that all stopcocks are properly greased, and turned 
to their correct positions. The glass tubing should be in-
spected for accumulations of stopcock grease which might ob-
struct the flow of gas through the system. These obstructions 
may occur in the glass t~bing adjacent to the stopcocks, 
and should be cleaned out before operating the system. They 
can be reached by removing the cores of the stopcocks, and 
probing with a pipe cleaner. The hollow cathode discharge 
tube sho1~ld be sealed into the system, after the material 
being inve'stigated has been placed in the cathode. 
The tube was designed so that it can be taken apart, and 
resealed easily. The outer copper tubing has a "crow' s nest''or 
trough-like jacket built around it, into which a molten wax 
is poured. The inner glass tubing has an inverted cup-shaped 
section which fits down into the wax. V:hen the wax solidifies 
the two parts of tre hollow cathode tube are sealed together. 
A mixture of beeswax and rosin was selected for this 
seal. These materials can be used to seal metal to glass 
without preheating either the metal or the glass. They form 
a good bond. They can be remelted and used over again a number 
of times. They are comparatively inespensive, and readily 
available. They are well suited to the method of breaking 
the seal used here, since they soften at approximately 47 de-
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grees Centigrade, and melt at a temperature ten degrees 
higher than this. 
The undesirable property of the beeswax is that it shrinks 
. (24) 
when cooling and passing from a liquid to a solid. The 
amount of shrinkage was reduced by decreasing the ratio of 
beeswax to rosin. Samples of various proportions of beeswax 
and rosin were mixed~ heated, and poured into small glass 
tubes to test for the amount of shrinkage upon solidifying. 
It was found that the smaller the r atio of beeswax to rosin, 
the less the shrinkage. Pure beeswax. shrank considerably, 
leaving a "blow-hole" or hollow cavity in the mixture. Cavi• 
ties likewise resulted for mixtures up to one part beeswax 
to ten parts rosin. By decreasing the ratio of beeswax to 
rosin still further the cavity disappeared, but the surface 
still hollowed in, when the material solidified. The ratio 
adopted for use, consisting of one part beeswax to twenty parts 
rosin, resulted in very little shrinkage, the surface being 
only slightly concaved on solidifying. Mixtures of this ratio 
also adhered well to the copper and glass, and could be re-
sealed by the process described shortly. 
Breaking this seal in order to take the t ube apart is 
quite easy. All that is required ts the circulation of hot 
water through the water jacket for about five minutes. The 
beeswax and rosin melts, and the two parts of the tube can 
.be separated. · Care should be taken to be certain that the 
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pressure inside and outside the vacuum system are equal before 
heating the seal. This is done by opening stopcock 4. If 
this is not done, some of the beeswax and rosin will be forced 
inside the hollow cathode tube as soon as the seal softens, 
and will have to be cleaned off later. 
Various methods of connecting the tube into the vacuum 
system were tried before the method described below was finally 
adopted . The lower connection consists of a ground glass 
joint, part of which is connected to copper tubing by Parra 
rubber tape and a thin sheet of metal, and part of which is 
but-welded to glass tubing . The upper connection is made with 
Parra rubber tape and a tbin sheet of metal. It is possi-
ble, by this arrangement, t o remove and to replace either the 
entire tube, or the upper part alone. 
One part of the ground glas s joint is welded to the glass 
tubing of the v acuum system, and is therefore held rigidly 
in place. The other part of the ground glass joint is connect-
ed by Parra rubber tape and a thin piece of metal to the lower 
part of the tube. The copper tubing to which this joint is 
connected, being eighteen inches long, has considerable flex-
ibility. This arrangement makes it possible to move the latter 
part of the ground glass connection a small amount. It can 
be pushed into, and pulled out of place, and can be twisted 
slightly. Hence the two parts of the ground glass connection 
can be "seated" or sealed together without putting strain on 
the glass parts of the system. In order to help with seat-
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ing and unseating this ground glass joint the lower part of 
the tube can be rotated slightly, and moved about, bending the 
long copper tubing slightly as required. 
Attempts at connecting the glass part of the tube into 
the system with a ground glass joint alone were not successful. 
Since the joint was to connect a rigid glass system to a large 
and rather heavy movable unit (the hollow cathode tube) it 
was quite difficult to make the ground glass joint seat proper-
ly and keep from leaking. It was difficult also to unseat this 
joint without breaking the glass tubing. The glass tubing 
did break in some attempts at unseating this kind of seal at 
this connection. 
The connection made with Parra rubber tape, on the other 
hand, was found to work nicely in this application. It is 
dependable for holding a vacuum , does rtot place strains on the 
glass tubing, can be easily made, and can be opened without 
danger of shattering the glass tubing, by cutting the rubber 
tape with a razor blade. 
A dehydrating agent such as silica gel is placed inside 
s e c "t ion 
the tubing at the ground glass joint. A U-shaped/was bent 
upward just beyond the part of the tubing which holds the 
dehydrating agent, to prevent it from falling into the rest 
of the system. 
The calcium bulb is also sealed into the system before 
the system is evacuated. Finely divided calcium is placed in 
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the tungsten wire basket. The basket and supports are placed 
gently up inside the round bottom flask. The bra s s cover 
plates are sealed in place, and the ends of the leads are 
resealed with a one to one ratio of beeswax and rosin. The 
ends of the leads are connected to wire conductors and immers-
ed in water cooling baths. 
The system is evacuated as described below, and stop-
cocks 1 and 5 are turned so as to isolate the calcium bulb 
from the rest of the s ystem. 
The current in the ba sket is increased until the r e -
quired temperatures are obtained . for evaporating the cal-
cium. After the calcium has been deposited on the inner wall 
of the flask the current is removed, and stopcocks 1 and 5 
turned so as to connect the flask into the system. 
The system is evacuated by operating both the mechanical 
fore pump, and the mercury diffus.ion pump. The mechanical 
fore pump (Genco Hyvac pump) is started first, and the system 
is evacuated down to a pressure of a few hendredths of a 
millimeter of mercury. During this pumping the t wo-way stop-
cock, 1, is turned so that the Hyvac pump is connected to the 
s ystem next to the mercury diffusion pump, and the system is 
closed at the other end. Stopcock 2 is t urned to connect the 
tube into the s ystem and isolate the reservoir from the s ;~rstem. 
Stopcocks 3 and 4 are closed. Stopcocks 5 and 6 are opened. 
Since the s ystem becomes .evacuated sufficiently to permit 
operation of the diffusion pump in a few minutes, it is well 
to start the heater for the diff usion pump as soon as the fare 
pump has been started, and to let the diffusion pump start 
warming up while the fore pump is running. 
Cold water is circulated continually through t he cooling 
chamber of the diffusion pump while the pump is in operation. 
It is well to start the water circulating at t he same time 
that the heater for the diffusion pump is started. This pre-
caution will prevent accidental damage to the diffusion pump, 
which could occur if the pump were al l owe d to beat up before 
circulating the water in the cooling chamber. 
Cold water .is circulated also in the water jacket of the 
hollow cathode discharge tube. 
While the system is being evacuated the pressure can be 
observed. . The manometer is used until the pressure falls to 
2000 microns. For lower pressures the McLeod sage is used. 
Whenever the manometer is not being watched, stopcock 6 should 
be in a closed position to prevent the mercury from rushing 
back due to an accidental leak . 
If the system is found to leak, stopcock 5, then stop-
cock 2, can be closed, one at a time, to isolate parts of 
the system from the pumps and gage. The pumps are kept 
running during this procedure. By watching the pressure, 
that section of the system which contains the leak can be de-
termined. 
If a leak should occur in the seal between the glass and 
the copper parts of the tube it can be resealed. A method 
of quickly resealing this connection consists of melting the 
top surface of the beeswax and rosin. A piece of steel of 
appropriate dimensions, such as a flat file, is heated in a 
flame to a red glow. It is then removed from the flame and 
drawn around the top surface of the seal, pressing down slight-
ly into the beeswax and rosin. This should be done slowly 
enough to melt the seal to a depth of about one quarter inch. 
Since this resealing is carried on while the system is evac-
uated, the file should not be moved too slowly~ nor be allow-
ed to remain in any one location, since the beeswax and rosin 
can then soften all the way through to the bottom of the seal. 
A large leak would then develop due to the difference in 
pressure on the two sides of the seal. This remelting and 
resealing should be done carefully, seeing that the beeswax 
and rosin which is actually in contact with both the glass and 
the copper are melted. The steel blade, or file, should be 
kept hot enough to make the beeswax and rosin smoke during 
( 25) 
this process. 
After the system has been sealed it is evacuated to a 
pressure of one or two microns, or lower. Evacuation is con-
tinued at this low pressure for at least a half hour to clean 
impurities from the system. During this the two cold traps 
are immersed in baths of dry ice and acetone. The large ex-
posed sections of copper tubing are heated to drive off gas 
from the inside wall. Care should be taken not to heat the 
copper tubing to such an extent that the beeswax and rosin 
seal becomes soft. The cold water is kept circulating through 
the water jacket to help protect the seal. 
During this cleaning out process stopcocks 6 and 2 are 
turned from time to time so as to clean out the short sections 
of tubing isolated by them. 
The system is now ready to have argon added, and to be 
adjusted to operating pressure. With stopcock 3 closed, the 
seal of the argon flask is broken. In order to do this a 
small iron rod is placed inside the glass tubing which connects 
to the argon reservoir. The iron rod is raised by a magnet 
held outside the glass tubing. The magnet is removed and the 
iron rod drops onto the tip of the seal. The seal is broken 
and argon is released from the reservoir. Argon is let into 
the rest of the system by stopcocks 2 and 3. The argon flask 
is mounted with the seal on top,, so that the broken glass can 
not get into stopcock 3. 
Stopcock 1 is turned to isolate the system from the fore 
pump, and to connect both ends of the system together for the 
purpose of circulating gas through it. With stopcock 2 
turned so as to isolate the reservoir from the rest of the 
system, stopcock 3 is opened for an instant and then closed 
again. This lets some argon into the tubing between stopcocks 
8 . 
2 and 3. With stopcock 2 closed, this argon is let into the 
system by turning stopcock 3. 
Stopcock 3 is again set to isolate the reservoir, and 
to permit circulation through the system. The pressure is 
measured. · If it is too low, more argon is added in the 
same manner. If the pressure is too high, the argon is allow-
ed to circulate through the system a few minutes, and the sys-
tem is then evacuated to the desired operating pressure. As 
the desired pressure is approached, it is measured at inter-
vals of a few seconds. 
When the correct pressure has . been obtained the system 
is again isolated from the fore pump, and made into a cir-
dulating system by turning stopcock 1. The glow discharge is 
then started. 
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The Laboratory 
The laboratory is loc ated in room 51 of the Boston 
University Science Building. It consists of t wo rooms. 
The outer room is thirty-five by ten feet, and the inner 
room is thirty-five by five feet. The outer room contains 
the hollow cathode tube, vacuum system, and fore pump. 
The inner room is painted black, and contains the Littrow 
mount and etalon. 
The laboratory is welle'q'lJ,ipped with gas, air, water, 
110 volts alternating current, and taps for various voltages · 
of direct current. The direct current voltage desired can 
be selec~ed by properly arranging the jumpers on the switch-
board located in the motor-generator room of the sub-base-
ment. Oxygen is obtained from the Air Reduction Sales Com-
pany, and dry ice from the Liquid Carbonic Corporation. An 
ice chest for the dry ice was made by lining the inside and 
cover of a heavy wooden box with a two inch layer of celotex. 
The outer room has been made light-tight by sealing up 
the window with celotex. The celotex was painted black on 
the side facing the street so as to be inconspicuous. Felt 
padding, packed into the cracks between the window casing 
and the celotex, prevents light from entering the room through 
these narrow spaces. Various materials, including friction 
tape, Kex spackling compound, and strips of celotex, were 
tried in attempting to block out this light, but the felt 
8S. 
padding proved to be the most satisfactory. 
The outer room, Peing light-tight and equipped ~ith a 
sink and running water, can be used as a dark room for de-
veloping the photographic films and plates. This is more 
convenient than using the dark rooms on the second floor. 
A sturdy work bench and vise, tables, drawers, and ample 
shelf space, help to make the laboratory practically self-
sufficd:ent. Power tools, including a lathe, drill press, and 
band saw, are available for use in the research building at 
?65 Commonwealth Avenue. 
The automatic a ir conditioning unit in the room is un-
satisfactory for use where close temperature control is im-
portant. When this unit operates, cold air, drawn in from 
outside the building blows along the wall at the end of the 
room. This air leaks in between the wall and the air con-
ditioning unit, and sets up temperature gradients in the room 
as great as ten degrees centigrade over a distance of three 
or four feet. For this reason the unit w~s shut off, and 
the air intake from outside was completely blocked off with 
celotex and wood. 
Steam pipes, located at the end of the black room, were 
covered by a layer of celotex to a height of nine feet above 
the floor. 
6. 
The Power .Supply 
The electrical power supply consists of two full-wave 
rectifiers operated in parallel. These were purchased as war 
surplus material from the Atlantic Industrial Company, Ozone 
Park, New York, and are designated as "Power Supply IV R-l.M". 
Each contains two type 1616 tubes. The choke input filter 
circuits each contain two ten-henry coils and two eight-
microfarad, 1500 volt condensers. Across each filter output 
is a one megohm two watt resistor. 
To the positive side of each power supply output are con-
nected high wattage resistors of values suitable for limit-
ing the current drawn to the desired values. Milliammeters 
are added in each circuit. The electrical circuit is shown 
in figure .22. 
When the circuit is first ol~sed the complete output 
voltage from the power supplies,approximately 1000 volts, 
appears across the gap in the hollow cathode tube. This serves 
to start the ionization Within the tube. As the current builds 
up, the voltage drop across the series resistors increases. 
This reduces the voltage across the gap in the tube to the 
order of 400 to 500 volts. 
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Results 
A light source was desired which , in addition to other 
us es, eventually could be used for obtaining t he spectra 
of rare materials. Such a s ource must be economical in i t s 
use of t he mat erials runder inves tigation . Hollow cathode 
discharge tubes fulfill the re quirement s , and it was sugge s t-
ed by Dr. J oos that a tube be developed similar to the one 
. l28) 
used by M. Gurev1tch • 
This was the first of t wo tubes that were made. Both 
tubes provided for cooling the cathode and for repelling the 
dispersing particles of the material under investigation in 
the hollow cathode, by a barrier of gas pumped through the 
tube and through the circulating system. 
A study of hollow cathode discharge tubes of previous 
workers revealed that one of the difficulties of these sources 
had been in devising satisfactory methods of sealing the tubes. 
A method of sealing with beeswax and rosin was developed for 
the first tube by reducing the ratio of beeswax to rosin in 
the sealing mixture, and by building up the seal in thin 
layers. 
A second tube was developed which provided a simplified 
original method of sealing the tube, and at the same time 
provided a new method of mounting the upper glass part onto 
the lower metal part of the tube. The upper glass part was 
supported by three glass knobs which were welded onto the 
~ I 
glass section. These knobs rested on a conical copper collar 
constructed on the lower part of the tube. Adjustment of the 
anode's position was obtained by cutting away material from 
the supports under t he glass knobs, thereby swinging the 
upper part of the tube, and the anode attached to it, into 
position. 
Sealing was provided for by first fitting a thin metal 
shim over the glass-to-metal connection, and wrapping the 
connection with cohesive rubber tape. A mixture of beeswax 
and rosin was applied over the tape to further insure a vac-
uum tight connection. Other features were introduced in this 
new tube, among which was that of using the tube with either 
a cold hollow cathode for the production of fine lines, or 
with a hot hollow cathode for the production of more intense 
lines. 
A vacuum, circulating, purifying system was also con-
structed for use with the light source. The system has the 
tripple function of providing the evacuation required to oper-
ate the tube, of providing for the circulation of gases through 
the tube, and of providing for purification of the gases in 
the tube and in the system. The purifier or getter makes use 
of calcium for the removal of impurities. 
By correcting successive failures the present getter 
.was finally developed. It contains a conically shaped wire 
basket of tungsten wire mounted in an erect symmetrical po-
91 
sition. Calcium, in a finely divided form, is placed in the 
wire basket which is heated electrically. When heated the 
calcium sublimes and deposits on the walls of the surround-
ing flask. One feature of this getter isthat the element, 
consisting of the basket, supports, and sealing plate, can 
be removed easily from the flask to facilitate cleaning and 
reloadi ng. 
A celotex housing, with a wooden framework, was con-
structed around the complete Littrow mount. This provided 
for not only a more nearly constant temperature, but also a 
light-tight seal, the reduction of stray air currents, and 
the reduction of dust. Baffles for blocking ~ out stray light, 
and supports for the components of the optical system, were 
constructed on the Littrow mount. 
To eliminate large temperature gradients and air currents 
in the laboratory, the opening to the air intake was blocked 
off completely from outside the building, and the air con-
ditioning unit was shut off. To further help with obtaining 
a more nearly constant temperature, the window in the labora-
tory, and the pipes in the dark room were blocked off by 
insulating walls of celotex. 
Blocking out the window also provided a light-tight 
laboratory, suitable for photographic purposes. 
Tlie··· equipment developed in this project was tested with 
a readily available material. Cadmium was used, and wave-
9Z, 
lengths were determined using the Fabry-Perot interfero-
meter crossed with the Littrow mount. 
Detailed descriptions of the methods of using the 
equipment, such as operating the vacuum system, and lining 
up the optical system,are given to provide assistance to 
future workers. 
Suggestions 
A few suggestions are offered here with the hope that 
they may prove useful in the future: It is suggested that 
the ~cLeod gage be replaced by a continuously reading device, 
such as a Pirani gage. 
Further work on the temperature control, perhaps using 
a thermostat, is suggested. (Long exposures were taken in 
the evening, the longest starting on a Saturday evening, and 
finishing early the next morning, in an attempt at working 
when the building was at the most nearly constant temperature). 
It would be advantageous also to have the air intake 
provided with a cover, on the outside of the building, that 
can be opened and 6losed as desired. It would th$n be possi-
ble to open the cover, and operate the air conditioning unit, 
while working in the laboratory. The aover could be closed 
prior to, and during exposures, and the air conditioning 
unit shut off, to make temperature control possible. 
Tighter fits on the cold hollow cathodes, possibly shrink 
13. 
-fits, and stem-and-base mounts for the hot hollow cathodes 
are suggested. 
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Abstract 
During recent years the interests of experimental spec-
troscopists have changed from the development of high resolu-
tion instruments to the development of light sources. One 
of the most promising types of light source is the hollow 
cathode glow discharge tube. 
In view of this, the present research was undertaken to 
develop, build, and study a hollow cathode glow discharge 
tube and the nenessary vacuum, circulating, purifying system, 
for use with the high resolution instrument already available, 
the Littrow mount. It is intended that this project be the 
first in a series of spectroscopehc investigations using the 
equipment developed and studied here. 
Numerous modifications have been made in hollow cathode 
light sources since their discovery by Paschen in 1916. Of 
prime importa nce among these is the work of H. Schuler who 
provided for cooling the cathode, thereby reducing the spread-
ing due to the Doppler Effect. A light source of this type, 
being capable of emitting fine lines, is well suited for use 
with the Littrow mount having large dispersion. 
The components of the Littrow mount are supported on 
t wo parallel I-beams thirty-one feet long. The collimator 
lens is a six inch diameter achromatic lens of thirty feet 
focal length. The grating is ruled on a plane glass surface 
coated with alumimim. It has 15,000 lines per inch on a 
ruled surface 16.5 by 10.? centimeters. The mount is support-
ed from overhead by sixteen heavy coil springs, which in 
turn are separated from the building by thick felt padding 
in order to minimize the effects of building vibration. 
The inertia of the Littrow mount, due to its large mass, 
further reduces its susceptibility to vibration. 
A housing of celotex was constructed around t he entire 
Littrow mount in order to obtain a more nearly constant temp-
erature, to provide a light-tight enclosure, and to reduce 
spray air currents. A set of baf fles was provided to block 
out s tray light. 
A vacuum system was built for use with the light source. 
Evacuation is obtained by a mercury diffusion pump and a Genco 
Hyvac fore pump. The system also contains a McLeod gage, a 
manometer, a reservoir of argon, a getter, two cold traps, an d 
the discharge tube. 
A getter was developed which consists of a film of cal-
cium evaporated onto the inner surface of a round bottom flask. 
Calcium, in a finely divided sta te is placed in a small coni-
cally shaped basket of 0.025 inch diameter tungsten ·wire. 
The basket, supported by heavy lead-in Vlires, is sealed into 
the flask in a manner which permits its easy removal f or clean-
ing and reloading. 
By pas s ing a current through the wire basket, the calcium 
is heated. It sublimes and slowly deposits as a film on the 
surrounding walls of the flask. Tungsten wire with its high 
melting point, and an erect symmetrical mounting for the 
basket to minimize sagging when heated, were eventually 
selected. 
The electrical power. supply cortsists of two full-wave 
rectifiers (Power Supplies PWR-IM, 250 milliamperes, 1000 
volts) operated in parallel. Each contains two type 1616 
tubes, and choke input filter circuits. High wattage re-
sistors are used to limit the voltage across the gap in the 
tube to the order of 400 to 500 volts. 
The first light source developed for this project was 
a hollow cathode discharge tube in which there was an upper 
part made of glass, and a lower part made of copper. A 
circular anode, insulated electrically by the glass from the 
lower part of the tube, was supported by means of spring 
.clips inside the glass tubing. These clips permitted adjust-
ment of the position of the anode. The hollow cathode was 
fitted into. the lower copper section. 
The upper glass part and the lower copper part of the 
tube were sealed together· vvi th a ring of beeswax and rosin. 
In order to ·Q.o this, a trough or "crew's nest" was construct-
ed around the outside of the lower part of the tube. Into 
this fitted an inverted bell-shaped glass cup, which was 
welded to the upper glass part of the tube by a ring seal. 
The Lrough was filled with beeswax and rosin, sealing the 
two parts of the tube together. Beeswax shrinks upon solid-
ifying, leaving holes in the seal. However, it was found that 
by decreasing the ratio of beeswax to rosin in the mixture, 
the shrinkage was reduced sufficiently to eliminate the holes. 
Then by building up the sea l in thin layers a vacuum-tight 
connection was obtained. 
If the seal became too warm it softened, and if it became 
too cold it became brittle. In either case t he va cuum was 
lost. A cooling bath, into which part of t he lower section 
of t he tube was i mmersed, wa s used to reduce the broadening 
of lines due to the Doppler Effect. This uended to lower the 
temperature of t he seal, while the glow discharge tended to 
raise the temperature of the seal. 'In both cases the con-
duction of heat to and from the seal was through the copper 
part of the tube. Hence a protective water chamber wa s built 
around the copper part of the discharge tube just below the 
sea l. The temperature of the water in this chamber was con-
trolled to prevent the seal from f a ilure due to excess ive 
heating or cooling . 
The glas s part of the first t ube suffered a fracture 
due to internal stresses in the vicinity of the ring sea l. 
A new tube was then developed which did not re quire a ring 
seal. The inverted cup-shaped glass section, the sealing 
ring of beeswax and rosin, and the cooling chamber were 
omitted. After several trials , a new method of sealing t he 
discharge tube, and at the s ame time of supporting the upper 
part on the lower part, wa s developed. Onto the upper end 
of the copper part of the tube was built a conically shaped 
section of copper, which tapered in so as to come into contact 
with the glass part of the discharge tube. Three glass knobs 
were welded onto the side of the glass part of the t ube in 
such a position that they just rested on the upper edge of 
the conical section, when the tube was assembled. The upper 
part of the tube was supported on the lower part by means of 
these small glass knobs. A thin metal shim was carefully 
fitted over the connection between the glass and the metal. 
The glass and copper parts of the discharge tube were sealed 
together by ~Tapping with cohesive rubber tape. The rubber 
tape was covered with beeswax and rosin to further insure a 
vacuum-tight seal. 
In this tube the anode was centered by filing copper 
away from the supports under the glass beads, or knobs, 
thereby changing the position of the upper part of the tube 
and of the anode which is attached to it. 
A new method of supporting the anode by crimping in 
part of the glass tubing, and of adjusting t he electrodes 
was developed. 
For both tubes the material being investigated is placed 
on the inside walls of the hollow cathode. Light, emanating 
from the hollow cathode glow, passes up through the tube, 
through the opening in the circular anode, and out through 
the glass cover at the top end of the tube. 
Inert gas, or air, at a pressure of from 0.1 to 2.0 
millimeters of mercury, is circulated through the tube and 
through the vacuum system by means of the mercury diffusion 
pump. The gas enters the tube at its upper end, passes 
downward inside the tube until it reaches the cathode, and 
forms a barrier,or "umbrella", over the opening of the cath-
ode. The gas t hen flows outward through small r adial holes 
j ust below the opening of the cathode, passes down the out-
s ide of the cathode to the bottom of the tube, and back to 
the circulating system. The barrier, or "umbrella", thus 
formed over t he opening of the c athode drives back the vapor-
ized particles of the material being investigated. This 
tends to prevent their dispersion and subsequent loss into 
the rest of the t ube. Hence this type of source is useful 
for investigating small quantities of materials. 
The new discharge tube is of simpler construction than 
is the first one. It is quite versatile also, since it 
can be used with either a cold hollow cathode, having a 
reduced Doppler Effect, when fine lines are desired, or a 
hot hollow cathode when intense lines are desired. 
A Fabry-Perot interferometer was used to obtain inter-
ference fringes. The etalon was crossed with the Littrow 
mount which was used as the auxiliary dispersing device. 
Wavelengths of cadmium lines were determined with this . 
equipment, using the hollow cathode discharge tube as a light 
source. The interference f ringes were measured with a 
Gaertner comparator. The method of calculating wavelengths 
was outlined. 
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